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Abbreviations {#feb213107-sec-0001}
=============

**AML**, acute myeloid leukaemia

**CPT**, camptothecin

**DMS**, dimethylsulphate

**mESC**, mouse embryonic stem cell

**MIRES**, m^6^A‐induced ribosome engagement site

 {#feb213107-sec-0002}

Eukaryotic gene expression is regulated at the transcriptional and post‐transcriptional levels. Nascent transcripts are subject to additional levels of regulation resulting in their processing and/or decay. RNA maturation events often involve chemical modifications that expand the basic A, U, C and G nucleosides. As of 2017, 163 distinct RNA post‐transcriptional modifications have been reported and this number continues to grow [1](#feb213107-bib-0001){ref-type="ref"}. Among the best studied modifications in eukaryotes are the 5′ 7‐methylguanylate cap and the 3′ poly(A) tail of mRNA which have important regulatory functions in RNA export, translation and stability.

Our understanding of internal RNA modifications and their functions is unfortunately not as advanced. In eukaryotes, m^6^A is the most abundant internal modification in mRNA and has been studied for well over four decades. In mammalian cells 0.1--0.4% of adenosines are m^6^A modified [2](#feb213107-bib-0002){ref-type="ref"}, [3](#feb213107-bib-0003){ref-type="ref"}. A current estimation of modified sites per transcript is 1--3 m^6^As in mammalian cells [4](#feb213107-bib-0004){ref-type="ref"}, [5](#feb213107-bib-0005){ref-type="ref"} and 1.4‐2.0 m^6^As in *Arabidopsis* [6](#feb213107-bib-0006){ref-type="ref"}. These approximations likely underrepresent the actual amount of m^6^A modified sites as these tend to cluster together and are therefore not detectable by meRIP‐seq. m^6^A is highly conserved and has important physiological functions in different organisms including yeast, plants, flies and mammals. Interestingly *Schizosaccharomyces pombe* and *Caenorhabditis elegans* have evolved without this molecular pathway, as many of the core components are absent in these organisms [7](#feb213107-bib-0007){ref-type="ref"}, [8](#feb213107-bib-0008){ref-type="ref"}.

Technological breakthroughs have recently allowed the genome‐wide mapping of m^6^A [4](#feb213107-bib-0004){ref-type="ref"}, [5](#feb213107-bib-0005){ref-type="ref"}, [9](#feb213107-bib-0009){ref-type="ref"}, [10](#feb213107-bib-0010){ref-type="ref"} and revealed a degenerate consensus motif, DRACH (where D = A, G or U; R = A or G; H = A, C or U), which is consistent with earlier studies [11](#feb213107-bib-0011){ref-type="ref"}, [12](#feb213107-bib-0012){ref-type="ref"}. Yet, low complexity of this motif implies the involvement of other sequence or structural motifs in guiding the methylation machinery to target RNAs. Another key recent finding was the discovery that the m^6^A modification is a reversible imprint (not to be confused with genomic imprinting where a gene is expressed in a parent of origin‐specific manner), with the characterization of the demethylase fat mass and obesity‐associated (FTO) [13](#feb213107-bib-0013){ref-type="ref"}, [14](#feb213107-bib-0014){ref-type="ref"} and a second m^6^A demethylase alkB homologue 5 (ALKBH5) [15](#feb213107-bib-0015){ref-type="ref"}. A reversible modification on RNA opened the exciting possibility of dynamic regulation and simultaneously sparked a lively debate over the extent of this dynamism [16](#feb213107-bib-0016){ref-type="ref"}, [17](#feb213107-bib-0017){ref-type="ref"}, [18](#feb213107-bib-0018){ref-type="ref"}.

In this review we will focus on consolidating the recent advances made towards understanding the molecular players involved in m^6^A deposition. The list of m^6^A functions continues to expand within different cellular contexts, cell types and organisms. In fact, m^6^A has been linked to essentially every single process within the RNA life cycle. Here we attempt to summarize the best‐described functions. We briefly discuss the structural effects of m^6^A as well as the specific protein binders and the way they can influence the fate of a particular RNA species.

m^6^A writers {#feb213107-sec-0003}
=============

Core enzymatic components {#feb213107-sec-0004}
-------------------------

The proteins that install m^6^A can be thought of as RNA writers, just as enzymes that chemically modify N‐terminal tails of core histones are referred to as chromatin writers. Identified in humans, the methyltransferase (MTase) that catalyses m^6^A is methyltransferase like 3 (METTL3, also called MT‐A70) [19](#feb213107-bib-0019){ref-type="ref"}. A second, highly related protein, methyltransferase METTL14 was later characterized [20](#feb213107-bib-0020){ref-type="ref"}, [21](#feb213107-bib-0021){ref-type="ref"}, [22](#feb213107-bib-0022){ref-type="ref"}. It forms a stable heterodimer with METTL3 and is essential for m^6^A deposition *in vivo*. Intriguingly, this work found that physical association between METTL3 and METTL14 has a synergistic effect, resulting in higher activity of METTL3 alone. Recent structural studies have further examined the interactions and molecular activities of METTL3 and METTL14 [23](#feb213107-bib-0023){ref-type="ref"}, [24](#feb213107-bib-0024){ref-type="ref"}, [25](#feb213107-bib-0025){ref-type="ref"}, revealing that only METTL3 contains catalytic activity, whereas METTL14 has a degenerate active site that is unable to accommodate donor and acceptor substrates in the context of a heterodimer, and is probably inactive [25](#feb213107-bib-0025){ref-type="ref"}. Instead METTL14 serves as an RNA‐binding platform, which enhances METTL3 enzymatic activity by binding substrate RNA and by positioning the methyl group for transfer to adenosine, explaining the synergistic effect observed *in vitro*.

Expanding list of *in vivo* regulators of the core MTase complex {#feb213107-sec-0005}
----------------------------------------------------------------

While there is detailed structural data of the subunits that compose a minimal catalytic core of the complex, studies in several organisms have shown that additional factors are essential for *in vivo* methylation of mRNA [22](#feb213107-bib-0022){ref-type="ref"}, [26](#feb213107-bib-0026){ref-type="ref"}, [27](#feb213107-bib-0027){ref-type="ref"}, [28](#feb213107-bib-0028){ref-type="ref"}, [29](#feb213107-bib-0029){ref-type="ref"}, [30](#feb213107-bib-0030){ref-type="ref"}. Prominent examples are Wilms tumour 1‐associated protein (WTAP) and Vir‐like m^6^A methyltransferase associated (VIRMA), as their ablation has drastic effects on global mRNA m^6^A levels. WTAP is proposed to ensure the stability and localization of the MTase heterodimer to nuclear speckles [22](#feb213107-bib-0022){ref-type="ref"}, [28](#feb213107-bib-0028){ref-type="ref"}. VIRMA (Vir) was first characterized as having a role in sex determination in *Drosophila* [31](#feb213107-bib-0031){ref-type="ref"} but its molecular function remains to be determined in the context of m^6^A. In *Drosophila,* the RNA binding protein (RBP) Nito promotes m^6^A incorporation and also has a role in the sex determination and dosage compensation pathways [28](#feb213107-bib-0028){ref-type="ref"}. Mammals have a Nito homologue, RNA Binding Motif 15 (RBM15) and a paralogue RBM15B, which are both suggested to regulate m^6^A [27](#feb213107-bib-0027){ref-type="ref"}. Mapping their binding sites using individual‐nucleotide resolution UV cross‐linking and immunoprecipitation (iCLIP) showed similar binding patterns [27](#feb213107-bib-0027){ref-type="ref"}. It is thought that RBM15 and RBM15B recruit the MTase complex to its target transcripts *via* direct binding to U‐rich sequences on mRNA. In humans this function is important to control X chromosome inactivation through the m^6^A modification of *XIST* RNA, which is essential for its transcriptional silencing activity. The E3 ubiquitin‐ligase that binds to E‐cadherin, Hakai, was recently found to interact with other subunits of the m^6^A methyltransferase complex in plants [30](#feb213107-bib-0030){ref-type="ref"}. Down regulation of Hakai in plants led to a reduced level of m^6^A, but its direct role within the MTase complex remains to be elucidated. The latest described factor involved in m^6^A deposition is Zc3h13 [32](#feb213107-bib-0032){ref-type="ref"}, [33](#feb213107-bib-0033){ref-type="ref"}, [34](#feb213107-bib-0034){ref-type="ref"}. Zc3h13 is essential for the localization of the MTase complex in mammalian cells and sex determination in flies. In mouse embryonic stem cell (mESC), Zc3h13 is necessary for self‐renewal. Importantly, Zc3h13 bridges the interaction of Wtap and Rbm15 in both organisms. Consistent with an earlier study examining the WTAP interactome in the context of splicing and cell cycle regulation [35](#feb213107-bib-0035){ref-type="ref"}, the above mentioned proteins (WTAP, VIRMA, RBM15, HAKAI and ZC3H13) form a stable complex now referred to as MACOM (methylation associated complex, Fig. [1](#feb213107-fig-0001){ref-type="fig"}) [34](#feb213107-bib-0034){ref-type="ref"}. MACOM weakly interacts with the Mettll3/14 dimer [20](#feb213107-bib-0020){ref-type="ref"}, [34](#feb213107-bib-0034){ref-type="ref"} but is nevertheless indispensible for the correct targeting of m^6^A to mRNA.

![Nuclear installation of m^6^A. In the most updated model, m^6^A installation is coupled to transcription and is catalysed by an MTase dimer (METTL3 and METTL14) where METTL3 is the active catalytic subunit. The consensus motif methylated by METTL3 is DRACH (where D = A, G or U; R = A or G; H = A, C or U). A complex termed MACOM composed of WTAP,VIRILIZER,HAKAI,RBM15 and ZC3H13 is essential for *in vivo* deposition of m^6^A. MACOM is most likely essential in localizing the MTase to the nucleus and to its RNA targets. Nuclear proteins which have demethylase activity have been characterized including ALKBH5 and FTO.](FEB2-592-2845-g001){#feb213107-fig-0001}

The factors essential for the deposition of m^6^A continue to be characterized, emphasizing that our understanding of this intricate pathway is incomplete. Additional players involved in m^6^A deposition could yet be identified. Supporting this idea, global m^6^A levels vary in different tissues, developmental stages and cell states [4](#feb213107-bib-0004){ref-type="ref"}, [5](#feb213107-bib-0005){ref-type="ref"}, as do the levels of writers and erasers [36](#feb213107-bib-0036){ref-type="ref"}. It is possible that cell‐type‐specific modulators could regulate the Mettl3/14 complex, altering its activity, specificity or localization. Alternative MTase\'s with different specificities could also install m^6^A in a cell‐type‐specific manner. For example several studies have described Mettl16 as having m^6^A activity modifying coding and noncoding RNAs [37](#feb213107-bib-0037){ref-type="ref"}, [38](#feb213107-bib-0038){ref-type="ref"}, [39](#feb213107-bib-0039){ref-type="ref"}.

Spatiotemporal installation of m^6^A {#feb213107-sec-0006}
====================================

Evidence for m^6^A on pre‐mRNA {#feb213107-sec-0007}
------------------------------

Early exploratory studies of m^6^A supported a model where installation occurs early in the life of RNA. Pioneering reports examining adenovirus type 2 RNA methylation suggested early RNA processing and m^6^A installation are coupled, with methylation occurring soon after transcription [40](#feb213107-bib-0040){ref-type="ref"}. Detection of m^6^A in pre‐mRNA of an endogenous mammalian gene supported a similar model for mammalian RNAs, where methylation occurs either cotranscriptionally, or very soon after transcription [41](#feb213107-bib-0041){ref-type="ref"}. Furthermore, Bokar and colleagues demonstrated that the methylation activity resides in the nuclear fraction of HeLa cell extracts [19](#feb213107-bib-0019){ref-type="ref"}.

A breakthrough in our general understanding of the m^6^A landscape came with the advent of genome‐wide m^6^A profiling technology using antibody‐based approaches coupled to massive parallel sequencing [4](#feb213107-bib-0004){ref-type="ref"}, [5](#feb213107-bib-0005){ref-type="ref"}. These comprehensive works revealed the widespread distribution of the modification. In mouse and human cells approximately 10 thousand peaks could be identified within coding and noncoding RNAs. In addition, the distribution and global abundance of m^6^A were shown to vary depending on cell type, developmental stage and environmental stimulus. These studies revealed evolutionary conservation of prominent features of m^6^A distribution, including methylation at a degenerate consensus motif, enrichment in 3′UTRs and a sharp peak close to stop codons. Subsequent methodological refinements including ultraviolet light cross‐linking and site‐specific antibody induced mutagenesis improved the resolution to the nucleotide level, and revealed m^6^A on small nucleolar RNAs (snoRNAs) [9](#feb213107-bib-0009){ref-type="ref"}, [10](#feb213107-bib-0010){ref-type="ref"}.

An important additional observation from the genome‐wide m^6^A profiling studies was the identification of enrichment peaks within introns, despite the starting RNA material not being enriched for unspliced pre‐mRNAs. This finding is again supportive of RNA methylation happening at early stages of RNA processing. To directly quantify m^6^A within growing nascent pre‐mRNA chains, one study used a method to enrich for chromatin‐associated pre‐mRNA (CA‐RNA) using stringent purification conditions [42](#feb213107-bib-0042){ref-type="ref"}. This study then compared m^6^A using a cross‐linking and immunoprecipitation approach of chromatin‐associated, nuclear, and cytoplasmic RNA fractions. Surprisingly, pre‐mRNA enrichment did not show a massive increase in the number of m^6^A modified introns in CA‐RNA relative to nuclear or cytoplasmic fractions, suggesting the methylation machinery has a preference for exonic sequences (the sequence of events regarding methylation and splicing and interplay between these processes is further discussed below). Additionally, the content of m^6^A in cytoplasmic mRNA was largely indistinguishable from that in the newly synthesized CA‐RNA or nucleoplasmic mRNA. This suggests m^6^A is mostly deposited when RNA is still associated with chromatin. The authors further interpreted these observations as indicative of m^6^A levels remaining unchanged in the three cellular compartments studied and by extension proposed that quantitatively little methylation or demethylation occurs on cytoplasmic mRNA. This view is at odds with the idea of m^6^A being a dynamic modification and is currently a matter of debate [16](#feb213107-bib-0016){ref-type="ref"}, [17](#feb213107-bib-0017){ref-type="ref"}, [18](#feb213107-bib-0018){ref-type="ref"}.

Using an alternative approach to isolate nascent RNA transcripts through BrU labelling, a recent report profiling m^6^A found the mark to reside primarily in intronic sequences [43](#feb213107-bib-0043){ref-type="ref"}. Perhaps the discrepancy between abundance of m^6^A in introns compared to previous work is due to differing efficiencies in capturing unspliced pre‐mRNA. In the same study, a comparison between CA‐RNA and 15 min BrU‐labelled RNA shows the latter to be more substantially unspliced. Supportive of intronic deposition is our observation that Mettl3 ChIP‐seq data sets very often localize the protein within intronic regions albeit, high confidence peaks are often broad and span several features, likely due to the cross‐linking strategy used [44](#feb213107-bib-0044){ref-type="ref"}. Additionally, METTL3/14 and WTAP PAR‐CLIP profiling experiments often colocalized the writers within introns (\~ 29--34%) [20](#feb213107-bib-0020){ref-type="ref"}. All together, these findings are consistent with a model of early cotranscriptional deposition of the m^6^A mark as RNA is newly transcribed.

Another example of early nuclear RNA processing events coupled to m^6^A deposition is the microRNA (miRNA) biogenesis pathway. Reports linking miRNA maturation to m^6^A identified an enrichment for the modification on primary miRNA sequences in nuclear RNA [45](#feb213107-bib-0045){ref-type="ref"}, [46](#feb213107-bib-0046){ref-type="ref"}. Recently, our own work has shown that Mettl3 and Dgcr8, the RNA binding cofactor of Drosha necessary for pri‐miRNA cleavage, often colocalize throughout the genome at miRNA encoding loci, as well as other RNA species including coding, long noncoding RNAs (lncRNAs) and snoRNAs [44](#feb213107-bib-0044){ref-type="ref"}. Early deposition of m^6^A is intriguing because it allows the machinery that recognizes and acts upon the modification to influence the processing and fate of RNAs subsequently, as will be discussed further.

Nuclear localization of the m^6^A installation machinery {#feb213107-sec-0008}
--------------------------------------------------------

Identification of the proteins required for m^6^A installation enabled a subcellular interrogation of this process. Using microscopy, the METTL3/METTL14 dimer and associated factor WTAP were localized to nuclear speckles [20](#feb213107-bib-0020){ref-type="ref"}, [22](#feb213107-bib-0022){ref-type="ref"}, [47](#feb213107-bib-0047){ref-type="ref"}. Interestingly, WTAP knockdown in human cells resulted in loss of endogenous METTL3/METTL14 nuclear localization and not *vice versa*. This experiment suggested WTAP has a critical role in guiding the catalytic dimer to its RNA targets (Fig. [1](#feb213107-fig-0001){ref-type="fig"}). Other subunits of MACOM, the WTAP containing complex [34](#feb213107-bib-0034){ref-type="ref"}, have also been shown to have a role in localizing the Mettl3/14 dimer. Loss of function of Zc3h13 (discussed below), for example results in Mettl3 and Mett14 re‐localizing to the cytoplasm, as revealed by imaging and cell fractionation experiments in mESCs [48](#feb213107-bib-0048){ref-type="ref"}. Given that the disruption of Zc3h13 and other MACOM components severely reduces m^6^A levels on mRNA, it is tempting to conclude that localizing the MTase dimer to the correct nuclear compartment is indispensable to install the mark.

The use of chromatin immunoprecipitation (ChIP) experiments to localize m^6^A writers revealed important insights into the localization of the machinery with respect to the genome. ChIP‐sequencing of METTL proteins in mammalian cells demonstrate their proximity to chromatin [44](#feb213107-bib-0044){ref-type="ref"}, [49](#feb213107-bib-0049){ref-type="ref"}. The profiles of METTL3 binding are variable in these reports, perhaps due to differences in organisms, cell states (mESC vs. human acute myeloid leukaemia \[AML\] cells) and cross‐linking strategies. Whereas Mettl3 binding in mESCs showed a strong bias towards the 3′ end of target genes, in accordance with m^6^A enrichment at the 3′UTRs and stop codons, in human AML cells METTL3 bound predominantly to transcription start sites (TSS) and to far fewer targets. Interestingly, METTL3 binding often did not correlate with METTL14 targets in AML cells, raising the provocative idea that they might have independent roles on chromatin in human AML cells. Notably, the role of m^6^A deposition at the TSS in the malignant cells was suggested to promote translation of target mRNAs essential to maintain AML growth. A similar model had been suggested for 5′UTR methylation of heat shock genes promoting cap‐independent translation upon heat stress (discussed below) [50](#feb213107-bib-0050){ref-type="ref"}, [51](#feb213107-bib-0051){ref-type="ref"}. Supporting the notion of an environmentally responsive m^6^A writing machinery, Mettl3 binding radically changes upon heat shock in mESCs, selectively re‐localizing to heat shock response genes [44](#feb213107-bib-0044){ref-type="ref"}.

Although the predominant view is that m^6^A is installed in the nuclear compartment, METTL3 itself has been described to associate with ribosomes and promote translation in human cancer cells [52](#feb213107-bib-0052){ref-type="ref"}. This study suggested the machinery could localize outside of the nucleus and associate with specific mRNAs. It was also proposed that METTL3 influences translation, independent of its catalytic activity and of its association with METTL14 and WTAP. These observations would be consistent with the idea that stimuli such as cellular stress or oncogenic transformation can alter the localization of the m^6^A writers, prompting them to modify novel mRNA targets. These can fall within noncanonical genic locations, such as the 5′UTR of mRNAs, thereby altering translation dynamics. In addition, it is possible that the methylation machinery can even shuttle to the cytoplasm to *de novo* methylate mRNAs.

Transcriptional mode influences m^6^A deposition {#feb213107-sec-0009}
------------------------------------------------

Given that METTL3/METTL14 deposition of m^6^A is an early RNA processing event, it is tempting to speculate that it might be directly linked to the act of transcription. Protein--protein interaction studies do not point towards direct associations of m^6^A writers with the core transcriptional machinery under normal physiological conditions [26](#feb213107-bib-0026){ref-type="ref"}, [34](#feb213107-bib-0034){ref-type="ref"}, [35](#feb213107-bib-0035){ref-type="ref"}. Recently, however, it was found that downstream members of the TGFβ pathway, the SMAD2/3 transcriptional effectors, directly interact with METTL3/METTL14 and WTAP in human pluripotent stem cells [53](#feb213107-bib-0053){ref-type="ref"}. In this study, SMAD2/3 proteins were shown to promote the recruitment of m^6^A writers to TGFβ target mRNAs that are essential for pluripotency, thereby destabilizing them and allowing the rapid transition out of pluripotency upon differentiation. Importantly, this study implies that transcriptional modulators can influence the target specificity of m^6^A writers and warrants additional interrogation of yet to be identified regulatory binding partners of the METTL3/METTL14 and MACOM complexes.

A study investigating the relationship between transcription and translation efficiency proposes these two processes are coupled and that the former regulates the latter [54](#feb213107-bib-0054){ref-type="ref"}. In addition, the authors propose that communication between these compartmentalized processes is mediated by m^6^A on mRNAs. Mainly through pharmacological manipulation (low level camptothecin (CPT) treatment, which slows down RNA polymerase II \[RNAPII\] [55](#feb213107-bib-0055){ref-type="ref"}), the authors show that slowly transcribed genes are more likely to be m^6^A modified. Furthermore, METTL3 coprecipitated with RNAPII upon CPT treatment. These results suggest augmented cotranscriptional m^6^A modification if RNAPII elongation is impeded. Although this is an attractive idea, more evidence is needed to support such a model. Future studies should address how the m^6^A machinery is coupled to transcription. For example METTL3 has been shown to be post‐translationally modified, phosphorylated and SUMOylated at several sites [33](#feb213107-bib-0033){ref-type="ref"}, [47](#feb213107-bib-0047){ref-type="ref"}. Such modification could impact catalytic activity, as has been shown when METTL3 is SUMOylated, as well as binding to interaction partners.

Intrinsic effects of m^6^A {#feb213107-sec-0010}
==========================

m^6^A alters RNA secondary structure {#feb213107-sec-0011}
------------------------------------

The most direct effects of the m^6^A modification on structure and base pairing of RNA are subtle. Perhaps this partially explains why it has been challenging to assign functions to the modification *in vivo*. The methyl group at the *N*6 position of adenosine does not alter Watson--Crick A•U base pairing [56](#feb213107-bib-0056){ref-type="ref"}, but nevertheless affects RNA structure by stabilizing unpaired bases and destabilizing duplexes. In solution, the 6‐methyl group on an adenine base is known to exist in two conformations *anti* and *syn*, with the latter being energetically favoured [57](#feb213107-bib-0057){ref-type="ref"}. NMR studies revealed that m^6^A•U base pairing requires flipping and trapping of the methylamino group into an energetically unfavourable spring‐loaded *anti* orientation [58](#feb213107-bib-0058){ref-type="ref"}. In this model m^6^A acts as a compressed spring that is locked into place by its paired context [58](#feb213107-bib-0058){ref-type="ref"} resulting in a net destabilization of the duplex. In unpaired positions, m^6^A stacks better than an unmodified base, thereby stabilizing stretches of single‐stranded RNA.

Global *in vivo* secondary structure profiling to examine the impact of m^6^A {#feb213107-sec-0012}
-----------------------------------------------------------------------------

Recent methodological advances permit the examination of RNA secondary structure at the genome‐wide level and to single‐nucleotide resolution *in vivo* (comprehensively reviewed in Ref. [59](#feb213107-bib-0059){ref-type="ref"}). One strategy employs an alkylating reagent \[dimethylsulphate (DMS)\] that reacts with unpaired adenosines and cytidines and blocks reverse transcription. Coupled to massive parallel sequencing, prematurely terminated cDNA can be used as a proxy for DMS modification and unpaired RNA [60](#feb213107-bib-0060){ref-type="ref"}, [61](#feb213107-bib-0061){ref-type="ref"}. Another chemical approach termed SHAPE (selective 2′‐hydroxyl acylation analysed by primer extension) uses chemicals that attack the sugar‐phosphate backbone and also block reverse transcription [62](#feb213107-bib-0062){ref-type="ref"}. Using an adaptation of SHAPE (icSHAPE), which allows *in vivo* RNA structure determination for all four bases, the influence of m^6^A on RNA structure was examined [63](#feb213107-bib-0063){ref-type="ref"}. In mESCs comparison of icSHAPE signals at m^6^A‐modified vs. unmodified sites revealed stronger icSHAPE reactivity (suggesting unpaired RNA) at positions surrounding the modified A. Moreover, in *Mettl3* KO mESCs canonical motif sites that lost m^6^A also widely lost icSHAPE signal, suggesting a gain in pairing and secondary structure [63](#feb213107-bib-0063){ref-type="ref"}. These findings are consistent with structural studies showing that m^6^A has a destabilizing effect on paired bases. Future work including other genome‐wide secondary structure probing strategies such as DMS‐sequencing will be important to further characterizing the role of m^6^A in regulating RNA secondary structure *in vivo*.

m^6^A decoders {#feb213107-sec-0013}
==============

YTH proteins as m^6^A readers {#feb213107-sec-0014}
-----------------------------

Following the conceptual framework of m^6^A writers selectively decorating RNAs, 'reader' proteins can recognize, decode and influence RNA fate (Fig. [2](#feb213107-fig-0002){ref-type="fig"}). The best‐described m^6^A readers are the YTH domain family of proteins, initially identified by RNA affinity chromatography coupled to mass spectrometry using m^6^A modified RNA as bait [4](#feb213107-bib-0004){ref-type="ref"}. The YTH domain has been identified by sequence comparison in 174 different proteins expressed in eukaryotes [64](#feb213107-bib-0064){ref-type="ref"}. Vertebrate YTH proteins can be classified into three categories: YTHDF (YTH domain‐containing family proteins) family, YTHDC1 (YTH domain‐containing protein 1, also called DC1) and YTHDC2 (YTH domain‐containing protein2, also called DC2). Humans have three YTHDF family members, and a single copy of YTHDC1 and YTHDC2 (for an excellent review refer to [65](#feb213107-bib-0065){ref-type="ref"}). Structural studies have shown that the methyl moiety of m^6^A is selectively recognized by an aromatic cage that is formed by two tryptophans and a leucine [66](#feb213107-bib-0066){ref-type="ref"}, [67](#feb213107-bib-0067){ref-type="ref"}, [68](#feb213107-bib-0068){ref-type="ref"} or three tryptophans [69](#feb213107-bib-0069){ref-type="ref"}. The selective binding of YTH proteins to methylated RNA was further confirmed by gel shift assays where the YTH domain preferentially binds methylated RNA oligonucleotides and *in vitro* pull‐down assays confirming enhanced binding to methylated vs. nonmethylated RNA [4](#feb213107-bib-0004){ref-type="ref"}, [21](#feb213107-bib-0021){ref-type="ref"}, [67](#feb213107-bib-0067){ref-type="ref"}, [70](#feb213107-bib-0070){ref-type="ref"}. Transcriptome‐wide binding studies of endogenous YTH proteins using CLIP methods demonstrated that most YTH proteins bind to the m^6^A mammalian motif (DRACH) in RNA with a nearly complete overlap for the YTHDF members [27](#feb213107-bib-0027){ref-type="ref"}, [70](#feb213107-bib-0070){ref-type="ref"}, [71](#feb213107-bib-0071){ref-type="ref"}. YTHDC1 is localized to a specific nuclear compartment, the YT body, where it was first proposed to regulate splicing [72](#feb213107-bib-0072){ref-type="ref"}. YTHDC1 binds to nuclear RNAs including *XIST*, which is highly m^6^A modified. As discussed above, m^6^A is required for X chromosome gene silencing [27](#feb213107-bib-0027){ref-type="ref"} and ablating METTL3 or RBM15 impairs this process. Strikingly, artificial tethering of YTHDC1 to *XIST* rescues *XIST*‐mediated silencing upon loss of m^6^A. YTHDF1--3 are cytoplasmic proteins that have been proposed to have independent roles in regulating mRNA stability and translation (discussed below) [70](#feb213107-bib-0070){ref-type="ref"}, [71](#feb213107-bib-0071){ref-type="ref"}, [73](#feb213107-bib-0073){ref-type="ref"}, despite the fact that YTHDF proteins are highly structurally related and share high amino acid identity. Whether these proteins are functionally fully redundant or indeed have specialized functions remains to be further investigated.

![Functional implications of m^6^A modified RNA. Since transcription, m^6^A modified RNAs are subject to effects altering their structure, splicing, processing, nuclear export, stability and translation at distinct cellular compartments. Some of these effects are mediated by reader proteins including YTH family proteins that contain a dedicated motif to recognize the methyl moiety as well as others such as HNRNPA2B and EIF3.](FEB2-592-2845-g002){#feb213107-fig-0002}

Expanding the m^6^A reader list {#feb213107-sec-0015}
-------------------------------

In addition to the YTH domain proteins, other m^6^A readers have been described. The initial m^6^A RNA pull‐down assays also identified the RRM domain protein ELAVL1 [4](#feb213107-bib-0004){ref-type="ref"}. A more recent systematic mass‐spectrometry‐based report screened for m^6^A interactors in various cell types and sequence contexts [74](#feb213107-bib-0074){ref-type="ref"}. Prominent proteins described in this work, as expected, included YTH family proteins and the ALKBH5 demethylase. Novel factors included FMR1 and its paralogues FXR1 and FXR2 as sequence‐context‐dependent m^6^A readers. Interestingly, some proteins were repelled specifically by the presence of the methyl moiety on RNA including G3BP1 in various cell types and mRNA sequence contexts.

m^6^A‐dependent regulation of splicing {#feb213107-sec-0016}
======================================

A role for m^6^A in the process of pre‐mRNA splicing has been apparent since the beginning of the 1980s when this modification was found at position 43 of the U6 small nuclear RNA (U6 snRNA, an abundant RNA critical for splicing) [75](#feb213107-bib-0075){ref-type="ref"}. Until very recently the MTase that catalyses m^6^A on U6 snRNA was unknown, although it was clear that the enzyme was distinct from the MTase that methylated mRNA in HeLa nuclear extracts (later identified as Mettl3) [76](#feb213107-bib-0076){ref-type="ref"}. The elusive MTase, METTL16, that methylates U6 snRNA was eventually identified [38](#feb213107-bib-0038){ref-type="ref"}. Interestingly, METTL16 has evolved additional roles in vertebrates including the crucial homeostasis maintenance of methyl donor S‐adenosylmethionine (SAM). In humans the SAM synthetase MAT2A generates SAM from methionine and ATP. There are two MAT2A RNA isoforms, a cytoplasmic mRNA and a nuclear retained‐intron isoform (MAT2A‐RI), which is subject to decay [77](#feb213107-bib-0077){ref-type="ref"}. In conditions of low cellular SAM, METTL16 m^6^A methylates MAT2A pre‐mRNA on a conserved hairpin and promotes splicing of the MAT2A retained intron. The balance in isoforms then shifts to the cytoplasmic transcripts, which promotes SAM synthesis. Of note, a recent report suggests that m^6^A regulation of MAT2A may also be mediated through mRNA degradation by recognition of the reader protein YTHDC1 [39](#feb213107-bib-0039){ref-type="ref"}.

The role of Mettl3‐mediated m^6^A in splicing has been best characterized in *Drosophila* [28](#feb213107-bib-0028){ref-type="ref"}, [29](#feb213107-bib-0029){ref-type="ref"}, [78](#feb213107-bib-0078){ref-type="ref"}. In particular, m^6^A is necessary for correct splicing and to achieve maximal Sex lethal (*Sxl)* expression, the master regulator of sex determination. Sxl then suppresses dosage compensation in females by inhibiting the translation of Male‐specific lethal‐2 (Msl‐2), which is required for the upregulation of transcription from the single male X chromosome [8](#feb213107-bib-0008){ref-type="ref"}. The functional role of m^6^A in splicing of *Sxl* was addressed in three studies and all coincided on sex determination phenotypes with varying penetrance depending on the m^6^A component ablated. Furthermore, the *Drosophila* YTH family member m^6^A reader, YT521‐B recently renamed Ythdc1, is necessary for correct exon exclusion and to achieve maximum *Sxl* expression in females [28](#feb213107-bib-0028){ref-type="ref"}, [29](#feb213107-bib-0029){ref-type="ref"}. Finally, a splicing defect in *Sxl* and a sex determination phenotype is also apparent in flies with impaired expression of the MACOM component Zc3h13/*Flacc* [34](#feb213107-bib-0034){ref-type="ref"}. In addition to m^6^A installation, MACOM components have additional important roles. In flies it was found through mRNA profiling experiments that MACOM components showed a much stronger perturbation upon knock down when compared to the MTAses [34](#feb213107-bib-0034){ref-type="ref"}. In human cells, a study has shown that WTAP expression is cell cycle regulated, and that it controls the stability of cyclin A2 mRNA [79](#feb213107-bib-0079){ref-type="ref"}. Therefore, we propose that future studies should identify mutations disrupting the interaction between MACOM and the MTAse duplex to cleanly dissect m^6^A independent functions.

In humans the nuclear reader protein YTHDC1 has a role in the inclusion of alternative exons [80](#feb213107-bib-0080){ref-type="ref"}. YTHDC1 interacts with pre‐mRNA splicing factors, including splicing enhancer‐binding SR proteins (Fig. [2](#feb213107-fig-0002){ref-type="fig"}). Mechanistically, m^6^A present in alternative exons induces their inclusion by recruiting YTHDC1, which in turn recruits the splicing factor Serine and arginine‐rich splicing factor 3 (SRSF3) [80](#feb213107-bib-0080){ref-type="ref"}. YTHDC1 also inhibits pre‐mRNA binding of the exon‐skipping factor SRSF10 by competitively binding to SRSF3 and occupying SRSF10 RNA landing sites. In conclusion, although m^6^A has been clearly linked to pre‐mRNA splicing, more work will be required for a full mechanistic understanding.

Nuclear export of methylated mRNA {#feb213107-sec-0017}
=================================

Another key aspect that has been linked to m^6^A modification is nuclear export. For example RNA viruses exploit the endogenous methylation machinery to modify their mRNAs. Zika and HIV‐1 are extensively m^6^A methylated and exploit the modification to enhance nuclear export and other processing steps during replication [81](#feb213107-bib-0081){ref-type="ref"}, [82](#feb213107-bib-0082){ref-type="ref"}. In noninfected human cells, the m^6^A‐binding protein YTHDC1 mediates export of methylated mRNA from the nucleus to the cytoplasm [83](#feb213107-bib-0083){ref-type="ref"}. As described above, YTHDC1 interacts with SRSF3, which can also interact with the nuclear export receptor NXF1 (Fig. [2](#feb213107-fig-0002){ref-type="fig"}). Inhibition of YTHDC1 does not affect global m^6^A levels in mRNA, but instead results in accumulation of the mark in nuclear mRNA and in depletion from the cytoplasmic pool. This finding was supported by tethering YTHDC1 to a synthetic mRNA, which facilitated its export and concomitantly increased cytoplasmic abundance and translation. Expanding on the reader‐tethering assay, future studies on the role of m^6^A in RNA transport should include single‐molecule imaging techniques. These types of experiments will be crucial to yield quantitative information on the rate at which transport is enhanced.

Turnover of methylated RNA {#feb213107-sec-0018}
==========================

One of the best‐described functions for m^6^A so far is in controlling RNA stability. In this respect, the modification is remarkably versatile in employing distinct mechanisms and molecular partners for turnover, depending on target RNA and cellular compartment (Fig. [2](#feb213107-fig-0002){ref-type="fig"}). Some have proposed that modulating RNA turnover is the main function of m^6^A, at least in some cellular contexts such as human cancer cells and mESCs, [16](#feb213107-bib-0016){ref-type="ref"}, [17](#feb213107-bib-0017){ref-type="ref"} and that its role in pre‐mRNA splicing is minor.

The physiological importance of m^6^A‐mediated regulation of RNA stability has been nicely exemplified in the context of mESCs, where Mettl3 is necessary to terminate naïve pluripotency [84](#feb213107-bib-0084){ref-type="ref"}. *Mettl3* KO mESCs fail to terminate their naïve state and instead undergo aberrant and restricted lineage priming at the post‐implantation stage, eventually resulting in embryonic lethality. Thus, by directly reducing mRNA stability of key naïve pluripotency transcripts, m^6^A controls the transition from naïve to primed pluripotency.

Mechanisms of m^6^A‐mediated RNA decay {#feb213107-sec-0019}
--------------------------------------

From nucleus to cytoplasm, the earliest example of m^6^A‐mediated RNA turnover occurs cotranscriptionally [44](#feb213107-bib-0044){ref-type="ref"}. As previously mentioned, the miRNA biogenesis machinery can bind and degrade non‐miRNA targets in the nucleus in an m^6^A‐dependent manner [85](#feb213107-bib-0085){ref-type="ref"}, [86](#feb213107-bib-0086){ref-type="ref"}, [87](#feb213107-bib-0087){ref-type="ref"}, [88](#feb213107-bib-0088){ref-type="ref"}, [89](#feb213107-bib-0089){ref-type="ref"}, [90](#feb213107-bib-0090){ref-type="ref"}, [91](#feb213107-bib-0091){ref-type="ref"}. In this context, m^6^A presumably confers specificity and facilitates the recognition of RNA structures by DGCR8. The molecular mechanism by which m^6^A aids DGCR8/DROSHA to recognize and cleave its targets has been addressed and is in part mediated by the reader protein HNRNPA2B [46](#feb213107-bib-0046){ref-type="ref"}. This cotranscriptional regulation mechanism is responsive to the environment as the players involved can rapidly re‐localize to essential genes. This is the case for *Hsp70* during heat shock where there is massive accumulation of Mettl3 and Dgcr8 [44](#feb213107-bib-0044){ref-type="ref"}. Future studies should examine the response of these players to other environmental stimuli or conditions that globally alter the transcriptome.

An important mechanism of m^6^A‐mediated RNA decay functioning in the cytoplasm employs the reader protein YTHDF2 [70](#feb213107-bib-0070){ref-type="ref"}. In this study RNA half‐life profiling revealed a pronounced increase in stability in YTHDF2 knockdown cells compared to control samples. The effect correlated well with YTHDF2 binding, where RNAs with more binding displayed increased stabilization. Importantly, YTHDF2 colocalizes with three markers (DCP1a, GW182 and DDX6) of processing bodies (P bodies) in the cytoplasm [70](#feb213107-bib-0070){ref-type="ref"}. The highly related m^6^A reader protein YTHDF3 has been reported to synergize with YTHDF1 and YTHDF2 by potentiating their binding to target RNAs thereby promoting their effects on translation and decay, respectively [73](#feb213107-bib-0073){ref-type="ref"}. A separate study found that m^6^A‐modified RNAs exhibit accelerated deadenylation mediated by the CCR4--NOT deadenylase complex [92](#feb213107-bib-0092){ref-type="ref"}. The deadenylation is mediated through the direct recruitment of the CCR4--NOT complex by YTHDF2. Another reader protein that was recently shown to serve as an intermediary between m^6^A and the RNA degradation machinery is YTHDC2. This cytoplasmic reader and RNA helicase is essential for meiosis in mice [93](#feb213107-bib-0093){ref-type="ref"}, [94](#feb213107-bib-0094){ref-type="ref"}, [95](#feb213107-bib-0095){ref-type="ref"}, [96](#feb213107-bib-0096){ref-type="ref"}. Data suggesting that Ythdc2 mediate m^6^A‐dependent RNA degradation includes the observation that m^6^A decorated transcripts are upregulated in *Ythdc2* knockout testes compared to wild‐type controls [93](#feb213107-bib-0093){ref-type="ref"}, [94](#feb213107-bib-0094){ref-type="ref"}. Biochemical characterization of Ythdc2 binding partners identified the exoribonuclease Xrn1 as the top associated factor in mouse testis protein extracts in addition to Meioc, a highly conserved meiosis‐specific protein. In sum, the usage of m^6^A reader proteins to target a particular subset of transcripts for expedited degradation is a conserved strategy employed in diverse cell types and executed by varying molecular partners.

Another way in which m^6^A regulates RNA stability, independent of direct reader proteins, is through its effect on secondary structure (discussed above). One example is the RBP HuR which binds to U‐rich regions in the 3′‐UTR of transcripts [97](#feb213107-bib-0097){ref-type="ref"} and can block miRNA guided Argonaute complexes, thus preventing degradation [98](#feb213107-bib-0098){ref-type="ref"}. mESC transcripts encoding developmental regulators are highly m^6^A decorated [21](#feb213107-bib-0021){ref-type="ref"}, [84](#feb213107-bib-0084){ref-type="ref"}. One study proposed that HuR binding is impaired in m^6^A modified transcripts allowing miRNA‐mediated repression [21](#feb213107-bib-0021){ref-type="ref"}. Accordingly, Mettl3 knockdown results in decreased Ago2 binding to a known methylated transcript and its concomitant stabilization.

m^6^A effect on translation {#feb213107-sec-0020}
===========================

A growing body of work supports the hypothesis that m^6^A also serves as means to communicate nuclear transcriptional information to the downstream translation machinery [54](#feb213107-bib-0054){ref-type="ref"}, [71](#feb213107-bib-0071){ref-type="ref"} (Fig. [2](#feb213107-fig-0002){ref-type="fig"}). In yeast and human cells, when examining the distribution of m^6^A modified mRNAs there was a noticeable enrichment in ribosome associated fractions. Conversely, nonribosome‐associated fractions were depleted for m^6^A [71](#feb213107-bib-0071){ref-type="ref"}, [99](#feb213107-bib-0099){ref-type="ref"}. A study using single‐molecule methods to probe the effect of m^6^A on mRNA showed changes in translational dynamics [100](#feb213107-bib-0100){ref-type="ref"}. Although m^6^A base pairs with uridine during decoding, methylated codons have slower translation‐elongation dynamics, leading the authors to propose that the presence of an m^6^A within a codon slows down cognate‐tRNA decoding by acting as a barrier to tRNA accommodation [100](#feb213107-bib-0100){ref-type="ref"}.

On the other hand, a comprehensive examination of the functional role of the m^6^A reader YTHDF1 showed that it enhances the translation efficiency of m^6^A modified RNAs [71](#feb213107-bib-0071){ref-type="ref"}, through direct interactions with initiation factors and ribosomal subunits. High‐throughput sequencing experiments uncovered a positive correlation between the ribosome association of YTHDF1 bound mRNAs and the number of YTHDF1‐binding sites on the target mRNAs. Furthermore, tethering experiments revealed 72% increased translation efficiency for YTHDF1‐tethered transcripts [71](#feb213107-bib-0071){ref-type="ref"}. Whether such effects on translation are restricted to the subset of transcripts bound by YTHDF1 remains an open question. Notably, analysis of translation efficiency in WT vs. *Mettl3* KO ESCs by ribosome profiling revealed only a minor yet significant increase in translation efficiency in KO cells, on both methylated and unmethylated transcripts [84](#feb213107-bib-0084){ref-type="ref"}.

m^6^A as a mediator of cap‐independent translation during stress {#feb213107-sec-0021}
----------------------------------------------------------------

Although the majority of m^6^A shows a 3′ bias and is close to the stop codon, substantial methylation is detectable in 5′ UTRs. Antibody‐based m^6^A profiling experiments have been shown to also detect a related RNA modification, N^6^,2′‐O‐dimethladenosine (m^6^Am). This modification has the unique property that it is present only when the first cap‐adjacent nucleotide is an adenosine and is thought to enhance stability of mRNAs [101](#feb213107-bib-0101){ref-type="ref"}. m^6^A is not detected at the first position of mRNA and can therefore be readily distinguished from m^6^Am by position in single‐nucleotide resolution approaches [102](#feb213107-bib-0102){ref-type="ref"}. It has been proposed that mRNAs containing m^6^A in their 5′ UTR can be translated in a cap‐independent manner [50](#feb213107-bib-0050){ref-type="ref"}, [51](#feb213107-bib-0051){ref-type="ref"}. In cap‐independent translation, mRNAs do not require eIF4E and are translated under normal resting conditions, as well as under environmental stress, viral infection, or other disease conditions [103](#feb213107-bib-0103){ref-type="ref"}. m^6^A in the 5′ UTR can bind eukaryotic initiation factor 3 (eIF3) and thus act as an m^6^A‐induced ribosome engagement site (MIRES), which promotes translation of mRNA independent of the presence of a cap structure. Interestingly, cells subjected to heat stress exhibit increased m^6^A methylation (and not m^6^Am) within the 5′UTR of newly transcribed mRNAs, selectively on stress‐inducible mRNAs. The 5′ accumulation was observed also when cells were exposed to UV radiation, supporting a generalized mechanism for other forms of stress [50](#feb213107-bib-0050){ref-type="ref"}. The accumulation of 5′UTR methylation was proposed to be mediated through nuclear translocation of YTHDF2, where it protects methylated adenosines from eraser FTO [51](#feb213107-bib-0051){ref-type="ref"}. Recently, however, a report suggested that *in vivo*, FTO demethylates m^6^Am as its preferred substrate. It remains to be tested if the nuclear translocation and shielding effect of YTHDF2 prevents demethylation by ALKBH5.

Conclusions and Perspectives {#feb213107-sec-0022}
============================

The field of RNA modifications has recently garnered a great deal of attention. Among the most prominent modifications, m^6^A stands out as multi‐purpose signal on RNA. Deposited early during transcription by multiprotein writer complexes that are responsive to cell context and environmental cues, m^6^A functions in key steps of mRNA metabolism. Intrinsic properties of RNA are affected by the modification, including base‐pairing stability and secondary structure. The repertoire of proteins that can interact with a given RNA is also different once it is modified. Reader proteins affect early RNA processing events including splicing, poly‐A usage and cotranscriptional cleavage [10](#feb213107-bib-0010){ref-type="ref"}. In the cytoplasm, m^6^A drastically influences mRNA turnover. Cytoplasmic YTH proteins mediate association to the decay machinery. It is also evident that m^6^A can affect translation dynamics, in some cases potentiated through direct recruitment of translation initiation factors.

Despite significant progress in recent years, important basic questions regarding m^6^A biology remain elusive. For example a better understanding of the rules that define the methylation machinery\'s specificity is urgently needed. It remains unclear which determinants make an mRNA a good substrate for methylation. Although the catalytic core of the methylation machinery and its obligate cofactors have been characterized with some detail, it is likely that m^6^A biogenesis is a carefully orchestrated process that requires multiple additional factors and cell‐specific regulators. We therefore anticipate that additional players involved in m^6^A deposition will be discovered and characterized in the future.

Besides the advancement of our mechanistic understanding of m^6^A biology, its physiological roles are also becoming increasingly evident in multiple organisms and cell types (description of which unfortunately is beyond the scope of this review). It has also become abundantly clear that, as with many fundamental cell biological processes, m^6^A can be hijacked in several forms of cancer. A growing body of work suggests that m^6^A is implicated in glioblastoma [104](#feb213107-bib-0104){ref-type="ref"}, [105](#feb213107-bib-0105){ref-type="ref"}, [106](#feb213107-bib-0106){ref-type="ref"}. There is also a clear link of m^6^A to leukaemia. For example METTL3 inhibition in human myeloid leukaemia cell lines induces differentiation, apoptosis and delays leukaemia in transplantation experiments [49](#feb213107-bib-0049){ref-type="ref"}, [107](#feb213107-bib-0107){ref-type="ref"}. Some forms of acute megakaryoblastic leukaemias are mediated by a chromosomal translocation of *RBM15* with the *MAL* gene, where the fusion protein drives the development of haematological malignancy [108](#feb213107-bib-0108){ref-type="ref"}. It is thus tempting to speculate that a RBM15 fusion protein could re‐direct the m^6^A machinery to new targets, thereby tilting the transcriptome towards malignancy. Hence, manipulation of the m^6^A pathway as a novel approach towards cancer therapy might be not too far‐fetched.
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